Abstract In mature buds of the dwarf dogwood lineage (DW) of Cornus, petals and filaments form an "x"-like box containing mechanical energy from the filaments to allow explosive pollen dispersal. As a start to understand the molecular mechanisms responsible for the origin of this unique structure in Cornus, we cloned and characterized the sequences of APETALA3 (AP3) homologs from Cornus canadensis of the DW lineage and five other Cornus species, given the function of AP3 on petal and stamen development in Arabidopsis, and tested the function of CorcanAP3 using a stable Agrobacterium-mediated transformation system. The cloned CorAP3s (AP3-like genes in Cornus) were confirmed to belong to the euAP3 lineage. qRT-PCR analysis indicated strong increase of CorcanAP3 expression in floral buds of wildtype C. canadensis. A hairpin construct of CorcanAP3 was successfully introduced into wild type plants of C. canadensis, resulting in significant reduction of CorcanAP3 expression and abnormal floral development. The abnormal floral buds lost the "x" form and opened immaturely due to delay or retard of petal and stamen elongation and the push of style elongation. The results suggested CorcanAP3 may function to regulate the coordinated rate of development of petals and stamens in C. canadensis, necessary for the x-structure formation, although the exact molecular mechanism remains unclear. Comparison among six Cornus species indicated a greater ratio of stamen to petal and style growth in C. canadensis, suggesting an evolutionary change of CorAP3 expression pattern in the DW lineage, leading to the greater growth of filaments to form the "x"-box.
Introduction
Morphological innovation of floral architecture plays an important role in angiosperm diversification. Evolutionary modification of floral morphology can lead to changes in pollination and ecological adaptation which in turn can drives species divergence (Aluri & Subba Reddi, 1995; Singer & Sazima, 2001; Herlihy & Eckert, 2007) . Floral morphological changes that directly affect pollen release is especially important to the success of a species' reproduction. In most species, pollen is released from anthers by longitudinal slit or pore or flap opening of the pollen sacs (Hufford & Endress, 1989; Keijzer et al., 1996; Matsui et al., 1999; Carrizo Garcia et al., 2008; Islam et al., 2008) . In a very small number of species, pollen is released by explosive mechanisms driven by elastic energy built in special structures of the filament and petals, a mechanism enhancing effective pollen transfer and outcrossing. For example, Ceriops tagal C.B. Rob of Rhizophoraceae, Kalmia angustifolia L. of Ericaceae, Medicago sativa L. of Fabaceae, and the bunchberry Cornus canadensis L. f. of Cornaceae, each evolved different mechanical structures to facilitate eruptive release of pollen (Mosquin, 1985; Aluri & Subba Reddi, 1995) . The fact that taxa with the explosive release mechanism are nested within different families clearly suggests multiple origins of the mechanism in flowering plants.
In bunchberry Cornus canadensis, the eruptive pollen release from the 4-merous flower is facilitated by an "x"-like structure of the floral bud, formed by cooperating growth of petals and filaments (Fig. 1) . The bunchberry plants are perennial rhizomatous herb with the aboveground stem (15-30 cm) annual and herbaceous. At the apex of the unbranched stem that bears six green leaves at the uppermost node, a terminal minute double dichasium inflorescence is subtended by four petaloid bracts. The inflorescence usually has 28-36 flowers (Fig. 1A) . At the anthesis, each flower has four minute triangular and green sepals, four reflexive petals, four stamens, and an inferior ovary comprised of two carpels. During floral organ early development, each petals initiated an awn primordium, but later aborted the awn development except one of them on which the awn primordium matures into an antenna-like structure as the petal develops. This awn-like structure provides a trigger for flower opening (Fig. 1B) . When the flower bud is mature and ready to open, the four petals restrain the anthers of the four stamens inside the bud, while the filaments bend inward and protrude out through the cracks between the petals to form an "x"-shaped, "elbow springs"-like structure (Fig. 1B) . This structure builds biomechanical energy and springs pollen upwards into the air explosively once the converged petal apex is broken by forces from insect's landing or other sources on the awn (Fig. 1C) . Early study documented an extremely high accelerating rate of upward pollen movement by the sudden release of the spring energy at a rate of 24 000 m/s 2 , approximately 2400 times the acceleration of gravity (Edwards et al., 2005) .
In the dogwood genus, such elastic floral structure only evolved in the dwarf dogwood lineage (DW) that has three known species and their hybrids (Murrell, 1994; Fan et al., 2007; Feng et al., 2011) . In other lineages of Cornus L., such as the big-bracted group (BB), the cornelian cherry group (CC), and the blue-or white-fruited group (BW), the flowers do not make any awns and filaments are not exerted from the floral buds (Fig. 2) . The species of these three lineages of Cornus are trees or shrubs occurring mainly in the north temperate regions. The dwarf dogwood lineage, sister to the BB group, is distributed in the circumboreal areas and grow in cold habitats of high latitudes or high elevations where pollinators are presumably scarce. Therefore, the origin of this special floral structure for explosive pollen release is certainly important for the survival of the lineage in the special environments.
The molecular genetic mechanisms of coordinated filament and petal features facilitating explosive pollen release in various species have not been well understood. The MADSbox B class genes in Arabidopsis consist of APETALA3 (AP3) and PISTILLATA (PI) which determine petal and stamen identities in floral development . AP3-like genes in Cornus, CorAP3s were known to express ready to open, with an awn developed at the abaxial tip of one of petals; the four petals restrain the four anthers inside while the filaments bend inward and protrude the "elbows" out through the cracks between the petals, displaying an "x" shaped box structure. C, Explosive pollen release recorded under microscope. D, Fruits. pe, petal; fi, filament; se, sepal; po, pollen; an, anther. Bar indicates 1 mm.
The role of APETALA3 homolog in Cornusduring petal and stamen organ initiation and late development (Feng et al., 2012) . In C. canadensis, the development of petals and stamens directly affect the formations of the filament "elbow springs" and the awn. Clearly, genes controlling the development of petals and filaments may play important roles in the formation of the structure. In this study, we investigated the effect of a MADS-box B class gene, AP3 homolog, on the development of the "x"-like structure. We cloned and characterized AP3 homologs from six species of different lineages of Cornus. A hairpin construct (hp) of euAP3 homolog from C. canadensis was introduced into wild type plant of C. canadensis (WT) using a stable Agrobacterium-mediated transformation system (Liu et al., 2013) to down-regulate the expression of endogenous AP3 homolog. We observed reduced expression of the gene and abnormal development of flowers in transgenic plants. The abnormal flowers lost the "x" shape at bud stage, likely due to delay of stamen and petal development in comparison to the tempo of style development. Additional small petaloid bracts within the inflorescence were also observed in some transgenic plants. Our results suggested a possible role of proper expression of CorAP3 to the origin of the explosive pollen release in C. canadensis.
Material and Methods
2.1 Gene cloning 2.1.1 Plant materials Floral buds of six Cornus species representing four major lineages of Cornus were used for RNA extraction and gene cloning. These species are C. canadensis L. f. (DW Clade), C. florida L. (BB Clade), C. officinalis Seib. & Zucc. (CC Clade), C. macrophylla Wanger, C. sanguinea L., and C. controversa Hemsl. (BW Clade). Floral buds of C. florida were collected from a tree grown on the North Carolina State University (NCSU) campus; floral buds of C. officinalis, C. macrophylla, C. sanguinea, and C. controversa were collected from plants grown in the JC Raulston Arboretum in Raleigh, NC. The floral buds of C. canadensis were collected from plants grown in NCSU Phytotron, which originally were collected from the Spruce Mountain of West Virginia of the USA for tissue culture (Nikon, . The length of stamen was measured from the base of filament to the highest point of stamen including the filament and the anther. Bars in panels A-G represent 1 mm. Error bar on the column indicates the standard error (AESE) between replicates. (Feng et al., 2009) and collected from Boston area of Massachusetts of the USA or purchased from the NATS Nursery of Canada for gene expression analysis . The floral buds were immediately stored in RNAlater solution once removed from the plants and used for RNA extraction later.
2.1.2 RNA extraction, gene cloning, and sequence analysis Total RNA was isolated from floral buds using a modified CTAB RNA isolation method (Chang et al., 1993) and digested with RNase-free DNase I (New England Biolab, MA) to remove genomic DNA, following the manufacturer's protocol. DNase I-treated samples were subjected to chloroform extraction. The purified total RNA was used as the template for synthesis of the first strand cDNA using a SuperScript III first-strand synthesis kit (Life Technologies, CA) following the manufacturer's protocol. The resulting first-strand cDNA was used for gene cloning and sequence analyses.
A portion of cDNA sequences of AP3-like gene of C. florida and C. canadensis were obtained from previous comparative transcriptome sequencing data (Zhang et al., 2013a) . A pair of primers (CorAP3F and CorAP3R, Table S1 ) were designed from conserved region of sequences of AP3-like gene from these two species to amplify initial AP3-like gene fragments from all six species. Isolation of complete sequences of the gene were performed by subsequent PCRs using rapid amplification of cDNA ends (RACE) following the manufacturer's protocol of the SMART RACE cDNA amplification kit (Clontech Laboratories, CA). The complete coding DNA sequences were confirmed by a single PCR with primers CorAP3-5'deF and CorAP3-3'deF (Table S1 ). The clones were sequenced at ETON Bioscience, Inc. (Durham, NC). The resulting sequences from C. canadensis, C. florida, C. officinalis, C. controversa, C. macrophylla, and C. sanguinea were named CorcanAP3, CorfloAP3, CoroffAP3, CorconAP3, CormacAP3, and CorsanAP3, respectively.
The cDNA and deduced amino acid sequences were aligned with the top Blast hits from functionally characterized species of eudicots using MUSCLE software (http://www.ebi.ac.uk/ Tools/msa/muscle). The aligned cDNA and amino acid sequences were checked manually and analyzed phylogenetically using Maximum Likelihood method on the CIPRES Science Gateway (Miller et al., 2010 ) with the GTRCAT model and 1000 bootstrap replicates to confirm the orthology and identity of the cloned sequences from Cornus species. The tree was rooted by the sequences of PI of Arabidopsis thaliana and GLOBOSA (GLO) of Antirrhinum majus, the other MADS-box B class genes closely related to AP3 (Kramer et al., 1998) . The species names and GenBank accessions of genes included in the alignment and phylogenetic analyses are provided in the supplementary document (Table S2) .
2.2 Genetic transformation of C. canadensis A hairpin structure of CorcanAP3 was constructed using an entry vector derived from vector pANDA (Miki et al., 2005) . The entry vector contains an XbaI-XhoI-gus linker-SmaI-SacI construct. Two PCR reactions were performed to amplify a forward fragment and its inverted repeat fragment from 3' coding region of the CorcanAP3 cDNA. Primers CorAP3XbaIF and CorAP3XhoIR were used for the amplification of forward fragment 411 bp (sites 264-674), and primers CorAP3SacIF and CorAP3SmaIR for the inverted repeat fragment 434 bp (sites 240-673) (Table S1 ; Fig. S1A ). The primers were designed with consideration of cutting sites of the restriction enzymes XbaI, XhoI, SacI, and SmaI, as indicated in the primer names, so that there is only one of the relevant enzyme site in the end of a fragment but no any of these enzyme sites in the middle of the fragment. The PCR products of forward fragment (411 bp) were digested with restriction enzyme XbaI and XhoI (New England Biolabs, Ipswich, MA), and the fragment was inserted into the entry vector to replace the region of XbaI-XhoI. The PCR products of the inverted repeat fragment (434 bp) were digested with SacI and SmaI (New England Biolab), and the fragment was inserted into the vector to place the region of SmaI-SacI. The ligation was performed with T4 ligation kit (New England Biolabs). The resulting CorcanAP3 hairpin structure (forward fragment-gus linkerinverted repeat fragment) was then introduced into vector pBI121 by replacing the region between XbaI and SacI of PBI121. The resulting binary vector pBI121-CorcanAP3hp contains the CorcanAP3 hairpin driven by 35S promoter (Fig. S1A ). This binary vector was then introduced into Agrobacterium tumefaciens strain EHA105 by freeze-thaw method (H€ ofgen & Willmitzer, 1988) . Genetic transformation was conducted following our previously improved Agrobacterium-mediated transformation protocol (Liu et al., 2013) with a modification for selection. In this study, 200 mg/ml of kanamycin was used in the selection medium. The regenerated shoots surviving on selection medium were cultured in rooting medium containing 0.1 mg/ml of IBA. Rooted plantlets were transplanted in soil as previously described (Liu et al., 2013; Geng et al., 2016) .
All putative transgenic plants and wild type plants of C. canadensis were grown in a growth chamber at the NCSU Phytotron under the same growth condition (Feng et al., 2009; Liu et al., 2013) . To promote flowering, after growing in pots for approximately 1.5-2 years, plants were treated with three continuous cycles of low temperature: (i) 14°C for 9 h with light/10°C for 15 h under dark for two weeks, (ii) 10°C for 9 h with light/6°C for 15 h under dark for eight weeks, (iii) 14°C for 9 h with light/10°C for 15 h under dark for two weeks. After cold treatment, plants were grown in regular condition (22°C for 9 h with light (160 mmol/m 2 /s)/18°C for 15 h under dark, during which 3 h interruption of dark applied by illumination of incandescent light). After cold treatment, new shoots soon germinated from rhizome or lateral buds at the base of old stems, among which some were flowering stems.
Confirming insertion of introduced DNA fragments in transgenic plants
To confirm the insertion of the hairpin structure, total DNA was isolated from young leaves of each transgenic plant. Two PCR reactions for each sample were conducted to confirm the presence of each fragment in the transgenic genome using primers 35SP1 and CorAP3XhoIR for the forward fragment and CorAP3SmaIR and nosTR for the inverted repeat fragment (Fig. S1A ). The thermal cycle for amplifications of both fragments was composed of 95°C denaturation for 4 min. followed by 30 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 30 s, and a final 5 min extension at 72°C.
Gene expression analyses
To investigate whether pBI121-CorcanAP3hp transformation reduce gene expression of CorcanAP3 in C. canadensis, we compared expression levels of CorcanAP3 in floral buds of WT plants and four transgenic lines obtained (for convenience, plants derived from the same callus were classified as a line). For analysis of gene expression in floral buds of WT plants, RNA of young leaves and floral buds at four different developmental stages were collected from two C. canadensis populations growing in the NCSU Phytotron, which were collected from Boston area of Massachusetts of the USA or purchased from the NATS Nursery of Canada. The four floral development stages included: (i) inflorescence meristem (IM, no flower bud observed under microscope), (ii) early inflorescence development (FD1, a few pedicel-elongated flower buds observed under dissecting microscope, inflorescence bud unopened, wrapped by leaf scales), (iii) middle stage of inflorescence development (FD2, more than 15 pedicel-elongated flower buds observed under dissecting microscope, inflorescence bracts started expansion, but inflorescence buds still unopened and covered by expanding leaf scales), and (iv) anthesis (AN, most flowers matured and opened except a few that were developed late; bracts fully spread and white). Total RNA was isolated from inflorescence buds after scales and bracts were removed. Approximately 50 ng total RNA from each sample was used for cDNA synthesis.
Primers for gene expression analysis using qRT-PCR were designed using the online software PRIMER 3.0 (http:// bioinfo.ut.ee/primer3-0.4.0/) (Table S1 ). For each reaction, there was at least one primer designed spanning intron to avoid any influence caused by genomic DNA contamination. To distinguish the differential expression of CorcanAP3 and its truncated copy CorcanAP3t (cloned by degenerate primers, see the detail in the discussion), qRT-PCR was performed with copy specific primers. For CorcanAP3, forward primer (CcanAP3rtF398) was designed at upstream of truncation region while reverse primer (CcanAP3rtR554) was designed in the truncation region, which is missing in CorcanAP3t, so that only the complete copy can be amplified (Fig. S2 ). For truncated copy CorcanAP3t, forward primer (CcanAP3rtF40) was also designed at the upstream of the truncation region while reverse primer (CcanAP3rtR516s) was designed by spanning the missing region, so that only the truncated copy can be amplified (Fig. S2) . The qRT-PCR analyses for floral buds and young leaves were performed on a Step-One Plus Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA) using the Platinum SYBR Green qPCR Supermix-UDG (Life Technologies, CA). Housekeeping gene GAPDH (Glyceraldehyde 3-phosphate dehydrogenase) was used as an internal control. Amplification was performed in 20 mL reactions containing 10 mL of Supermix, 0.4 mmol/L of each primer, and 0.1-0.5 mg of template cDNA. Each reaction was conducted with three technical replicates. The expression analysis was performed on two biological replicates for each developmental stage. Expression levels were calculated using a mathematical calibration model proposed by Pfaffl (2001) based on the cycle threshold (Ct) values.
For analysis of CorcanAP3 expression in transgenic plants, we used floral buds of the PD2 stage from eight transgenic plants of four transgenic lines and floral buds of the PD2 stage from two WT regenerated plants as the control. Choice of the PD2 stage was based on the results of expression pattern in WT plants that showed the highest expression of CorcanAP3 at FD2 stage. Methods for RNA isolation and qRT-PCR were the same as before mentioned.
As our sequencing analysis of qRT-PCR products of CorcanAP3 in wild plant revealed a truncated copy of the gene (CorcanAP3t) from alternative splicing (Fig. S2 ), RT-PCR was performed to investigate whether the introduction of CorcanAP3 hairpin also affected the expression of the truncated copy CorcanAP3t in transgenic plants. This analysis also used GAHDP as the internal control. Two primers CcanAP3rtF84 and CcanAP3rtR627 (Table S1 and Fig. S2 ) were designed from the upstream and downstream of the missing region of CorcanAP3t, respectively for this analysis. The two alternative splicing sequences were amplified in the same RT-PCR reaction.
The homeotic protein PI is known to form a heterodimer with AP3 in Arabidopsis to act with APETALA1 (AP1) and AGAMOUS (AG) homodimers to specify the identities of petals and stamens (Riechmann et al., 1996) . To consider the interaction in C. canadensis, we also examined the gene expression of the two copies of PI homolog in C. canadensis, CorcanPIa and CorcanPIb (Feng et al., 2012) . The goal was to determine if down-regulation of CorcanAP3 expression in C. canadensis may result in upregulation of CorcanPI expression. Upregulation of CorcanPI expression could be a mechanism to rescue the gene function of CorcanAP3 by forming CorcanPI homodimers. Sequence specific primers were designed for the qRT-PCR of amplification of the two CorcanPI copies (Table S1 ). The housekeeping gene GAHDP was again used as the internal control.
Phenotype analysis of transgenic plants
A total of 48 transgenic plants representing seven transgenic lines were obtained. Analyses of phenotype were conducted for plants that produced inflorescences and flowers. A total of 20 inflorescence buds representing five transgenic lines as well as six inflorescence buds from WT regenerated plants were collected in 70% ethanol for microscopic examination of morphology of flowers. Flower number was counted from each inflorescence, and the lengths of styles, filaments, and petals in open flowers were measured under dissecting microscope (Nikon, SMZ800). Organ morphology and cell development of representative abnormal flowers were analyzed under scanning electron microscope (SEM) (JEOL JSM-5900LV), following previously reported procedure for dogwoods (Feng et al., 2011) .
Comparison of floral morphology among Cornus species
Lengths of petals, stamens, and styles in mature unopened floral buds and opened floral buds were compared among the six Cornus species that were analyzed for CorAP3 cloning. Inflorescences with both unopened floral buds and blooming flowers were collected in 70% ethanol for analysis. For each species, petal length, stamen length, and style length of 20 floral buds (close to the opening stage) and 20 completely opened flowers were measured under a dissecting microscope (Nikon, SMZ-10) with an Amscope camera (AmScope, Mu-800). The floral buds and flowers were chosen from five inflorescences of two or more plants grown on NCSU campus, JC Raulston Arboretum, or Phytotron. Measurements were taken from the base point to the highest point of petals, stamens, and styles in each flower.
Results

Gene cloning and sequence characterization
Six Cornus AP3-like genes, CorcanAP3 (681 bp), CorfloAP3 (687 bp), CoroffAP3 (684 bp), CorconAP3 (687), CormacAP3 (687), and CorsanAP3 (687) (Table S2) , were cloned from floral buds of Cornus canadensis, C. florida, C. officinalis, C. controversa, C. macrophylla, and C. sanguinea, respectively. Phylogenetic analysis of the sequence alignment of coding region of these genes together with functionally characterized AP3 homologs from other eudicot species resulted in a highly supported tree rooted by PI and GLO (Fig. 3) . The phylogenetic tree showed two clades of the AP3 gene family, a TM6-like clade and an AP3/DEF (DEFICIENS)-like clade. Each clade had homologs from both rosid and asterid species. Cornus AP3-like genes were classified into the AP3/DEF clade and closely allied with other AP3 homologs of asterids. Meanwhile, none of the cloned AP3 homologs from the six Cornus species were placed in the TM6-like clade. The result confirmed that six sequences cloned from the six Cornus species were AP3 homologs.
Using Open Reading Frame finder (ORF finder) software at NCBI website, the expected transcripts of Cornus were deduced to consist of 228 amino acids in general. The length in C. canadensis and C. officinalis are slightly shorter, which were 226 and 227 amino acids, respectively (Figs. 4, S1 ). The deduced amino acid sequences shared high similarity to AP3 (59-61%) and DEF (71-75%). Alignment of the CorAP3 sequences of Cornus with AP3/DEF homologs included in the phylogenetic analysis showed that the MADS (M) domain of AP3 homologs are highly conserved. While there are much variations in the intervening (I), keratin-like (K), and C-terminal (C) domains, the euAP3 motif is more conserved than the PI-derived motif in the C-domain (Figs. 4, S1 ). Comparing to AP3 and DEF, the euAP3 domain of CorAP3s is more similar to DEF than to AP3, which is expected since both Cornus and Antirrhinum are from the asterid clade while Arabidopsis is from the rosid clade. Fig. 3 . Phylogenetic tree of AP3 homologs resulted from maximum likelihood method implemented in CIRPES Science Gateway (see methods) using the GTRCAT model with 1000 bootstrap replicates. The tree was rooted by PISTILLATA (PI) of Arabidopsis thaliana and GLOBOSA (GLO) of Antirrhinum majus. AP3 homologs, CorcanAP3, CorfloAP3, CoroffAP3, CorconAP3, CormacAP3, and CorsanAP3 were cloned from floral buds of Cornus canadensis, C. florida, C. officinalis, C. controversa, C. macrophylla, and C. sanguinea, respectively. The species names and GenBank accessions of other gene sequences included in the alignment and phylogenetic analysis are provided in supplementary document Table S2 .
One or two alternative splicing truncated CorAP3 mRNA was discovered in each of the six Cornus species based on sequence similarity to the expected transcripts (Table S2 ; Fig. S2 ). Aligned DNA sequences indicated the presence of four types of alternative splicing CorAP3 transcripts in the six studied Cornus species, which involved partial exon skipping (e.g., in CorcanAP3t, CorfloAP3t, CoroffAP3t, and CorconAP3t) or whole exon(s) skipping (e.g., in CoroffAP3s, CormacAP3t, and CorsanAP3t) (Fig. S2) . In type I, which occurred in Cornus officinalis, the second exon (67 bp) is completely missing, resulting in a coding frameshift and premature stop in the I domain (CoroffAP3s). The translated protein is predicted to consist of M domain and partial I domain. In type II caused by alternative acceptor site, 79 bp of the 5 0 end of the seventh exon is missing, also resulting in a premature stop (CorcanAP3t, CorfloAP3t, and CoroffAP3t). This type was found in C. canadensis, C. florida, and C. officinalis. The truncated polypeptides lost most of the C domain. Type III transcript, caused by alternative donor site, was found in C. controversa and had 138 bp of the first exon spliced out (CorconAP3t). As a result, 40 amino acids of the M domain, and the first six amino acids of the I domain were missing in the expected protein. Type IV truncated transcript was found in C. sanguinea and C. macrophylla (CormacAP3t, and CorsanAP3t), which had the fifth and sixth exons completely deleted, resulting in the loss of 16 amino acids of the K domain and 13 amino acids of the C domain. The PI-derived motif and euAP3 motif, critical to AP3-like function (Zhang et al., 2011 (Zhang et al., , 2013b , were lost in type I and II due to premature stop, but were preserved in type III and IV (Figs. 4, S1C ).
Differential expression of CorcanAP3 during floral development of C. canadensis
Results from qRT-PCR analyses of wild type plants showed that comparing to leaves, the expression of both CorcanAP3 and CorcanAP3t had no change at the IM stage. At flower developing stages FD1 and FD2, however, CorcanAP3 expression was greatly increased and CorcanAP3t expression was slightly increased (Fig. 5) . At the AN stage (anthesis), the expression of both copies was reduced, but CorcanAP3 expression was still significantly higher than that in the leaves and at IM stage (a reminder that inflorescence materials of the AN stage contained some small and unopened flower buds) (Fig. 6 ). (Liu et al., 2013) , CorcanAP3 hairpin structure (forward fragment -gus linker-inverted repeat fragment) was successfully introduced into explants of C. canadensis. Forty eight putative transgenic plants regenerated from seven selected calli (C206, C208, C209, C210, C501, C509a, and C509b) were transplanted into pots with gravel/peat moss mix (2:1). Both transgenic plants and regenerated WT plants were cultured in the same growth chamber. Genomic PCR successfully amplified the expected inserted forward and inverted repeat fragments in all transgenic plants (Fig. 7A) . The PCR bands of at least two samples from each lines were sequenced to confirm their identities. Results of qRT-PCR analyses with the gene specific primers for CorcanAP3, CorcanPIa, and CorcanPIb showed that the expression of CorcanAP3 in the inflorescences of transgenic plants were significantly reduced by 4.25-18.76 folds comparing to WT plants while the expression of the two PI copies (CorcanPIa, and CorcanPIb) was at a level similar to the expression level in WT plants (Fig. 7B) . Results of semi RT-PCR showed that the expression of the truncated copy CorcanAP3t was also reduced in the inflorescences of transgenic plants (Fig. S1B) .
Confirmation of insertion of
CorcanAP3 hairpin structure and gene expression analysis in transgenic plants Following previous protocol
Floral morphology in transgenic plants
Under the same growth conditions, inflorescence and flower phenotypes of both transgenic plants and WT plants were recorded. The number of flowers produced in each inflorescence varied from 7 to 67 and no clear difference was observed between the WT and transgenic plants. Changes of inflorescence and flower architectures were observed in transgenic plants (Fig. 6) . In WT plants, the inflorescence consists of four branches of minute dichasia each developed a large petaloid bract at base (Fig. 6A) . When flower buds were approaching mature (ready to open), each had the "x"-like structure with the four petals restraining the four mature anthers inside and four bent filaments extruding between the petals (the critical "elbow springs" structure for catapult pollen release) (Fig. 6B) . Observation of the flower opening process under dissecting microscope revealed that following flower bud opening, the four petals reflexed back downward at most to 180 degree, and the four filaments straightened up immediately (Fig. 6C) . In the center of the inflorescence, a single terminal flower was produced which was surrounded by four inflorescence branches (Fig. 6D ). In the transgenic plants, the collected inflorescences displayed early opening of various portions of flowers (13-66%) while petals and stamens were still developing (and elongating) (Fig. 6E) . Thus, in these flowers, style and anthers were not enclosed by petals when they were mature (but enclosed in the WT plants). Real-time tracking of flowers on transgenic plants showed that the early opening flowers eventually developed into a size similar to that in the WT plant through elongation of the petals, stamens, and style, but these early opened flowers exhibited a style longer than the stamens and petals during the developing and mature stages (Figs. 6F, 6G ), suggesting that petal and stamen development and elongation were delayed, resulting in early opening by the elongating style (Figs. 6K,  6L ). Observation of continuous developmental process of flowers on growing plants also indicated that once a flower is immaturely open (Fig. 6F) , it was no longer able to close the stamens and style to form the "x"-like "elbow springs" structure at later stage (Fig. 6G) . Furthermore, in addition to the normally developed large petaloid bract at the base of each inflorescence branch, small, extra petaloid bracts within the inflorescence branches were frequently observed (Fig. 6I) . Development of a secondary inflorescence in place of the central flower of WT inflorescence (Fig. 6J ) or in place of a flower of the inflorescence branches (Fig. 6H ) was also observed in some transgenic plants. In one case, a small leaf was observed at the base of the secondary inflorescence (Fig. 6H) .
Microscopic examination of inflorescence materials (616 flowers from 20 inflorescences of transgenic plants and 225 flowers of six inflorescences of WT plants) fixed in 70% ethanol showed that immature opening of flowers in transgenic lines varied from 13% to 66% (It must be noted that the percentage only represented the condition at the time point when an canadensis. qRT-PCR was performed using sequence specific primers, CcanAP3rtF398 and CcanAP3rtR554 for CorcanAP3; CcanAP3rtF40 and CcanAP3rtR516s for CorcanAP3t. Housekeeping gene GAPDH (glyceraldehyde 3-phosphate dehydrogenase) was used as an internal control. Presented expression levels during different floral stages are relative to the level in leaves (set as 1). L, leaves; IM, inflorescence meristem (no flower bud observed under microscope); FD1, early inflorescence development (a few pedicel-elongated flower buds observed under dissecting microscope; inflorescence bud unopened and wrapped by leafy scales); FD2, middle stage of inflorescence development (more than 15 pedicel-elongated flower buds observed under dissecting microscope; inflorescence bracts started expansion, but inflorescence buds still unopened and covered by expanding leaf scales); AN, anthesis (most flowers matured and opened; bracts fully expanded and white; a few late developed flower buds still small and unopened). Squares and solid line represent expression level of CorcanAP3. Circles and dashed line represent expression level of CorcanAP3t. Error bar indicates the standard deviation (AESD).
inflorescence was collected. Thus it was stage dependent; a lower percentage may be expected in older inflorescences with more flowers having developed to mature size). The petal length and stamen length of immature opened flowers in transgenic plants were shorter than that of normal opening flowers in WT plants (Table 1 ). In the immature opened flowers, the petals and stamens were shorter than or equal to the style lengths (petal:style ¼ 0.70-0.97, stamen:style ¼ 0.65-1.00), while the petals and stamens were longer than the styles in the normal opening flowers of WT plants (petal:style ¼ 1.16, stamen:style ¼ 1.35) ( Table 1) . In mature flowers, the ratio of petal length to style length and the ratio of filament length to style length were still smaller in most transgenic plants than in WT plants (Fig. S3 ), but the style A, A minute double dichasium inflorescence subtended by four petaloid bracts. B, An "x"-shaped "elbow springs" box structure of WT flower. C, An opened WT flower with four reflexed petals and four straightened filaments (notice: the style is shorter than the filaments and petals). D, A single terminal flower in the center of a inflorescence and surrounded by four inflorescence branches in WT plants. E-L, Abnormal inflorescences and flowers in transgenic plants. E, An inflorescence with many immature opening flowers. Style and anthers were not enclosed by petals during floral organ development. F, G, Observation of flowers on growing plants indicated that once a flower immaturely open (F), it was no longer able to close again to form the "elbow springs" box at later stage (G). H, Secondary inflorescences with small bracts developed within the primary inflorescence branches. I, Complex inflorescence consisting of five "minicopies" of the inflorescence units-central flower became an inflorescence; four small petaloid bracts subtending each of the small inflorescence "copy" in the inflorescence. J, A secondary "copy" of inflorescence produced in the center of the inflorescence. K, Comparing to WT flowers (left), the development of petals and filaments of immature opened flowers were delayed (middle and right). L, Early opened flower, showing delayed development of petals and filaments, resulting in petals and stamens evidently shorter than the style. Samples of images C, D, I, J, K, and L were collected in 70% ethanol and observed under microscope. The length of stamen was measured from the base of filament to the highest point of stamen including the filament and the anther. Ten flowers per inflorescence were measured. br, bract; fl, flower; pe, petal; fi, filament; se, sepal; st, style; bi, branch inflorescence; tf, terminal flower in the center of inflorescence. length had no clear difference between WT and transgenic plants (Table S3) .
Under SEM, differences in epidermal cells of ventral side of petals and style morphology between WT and transgenic plants were observed (Fig. 8) . The epidermal cells of the lower portion of ventral surface of a petal were oblong in both WT and transgenic plants (Fig. 8A) , but the cells of the upper portion of the ventral side of petal differed between WT and transgenic plants. They were nearly square in WT plants (Fig. 8B ) but papillary and oblong in transgenic plants (Fig. 8C) . In one of the flowers of the transgenic plants examined under SEM, fusion of abnormal style and stamen was observed, indicating failure of stamen and style differentiation. The style tilted to one side and has an antherlike organ adnate to its side. The anther-like organ developed papillae at the apex (Figs. 8E, 8F ) which are similar to the papillae observed on the stigma (Fig. 8D ). This fused abnormal style and anther-like organ capped with stigma looked similar to the phenotype observed in some ap3 mutant in Arabidopsis (Bowman et al., 1989; Sablowski & Meyerowitz, 1998) .
Comparison of floral morphology among species
Observation of inflorescences under microscope showed that in all studied species, when floral buds ready to open, there was often a color change from green to whitish or yellowish, Fig. 7 . Genomic PCR and gene expression in different lines of transgenic plants in comparison to wildtype plants. A, Two fragments of insertion of hairpin construct (forward fragment-gus linker-inverted repeat) were amplified by genomic PCR reactions using primers 35SP1 and CorAP3XhoIR for forward fragment and CorAP3SmaIR and nosTR for inverted repeat fragment (Fig. S1A) . B, The relative expression of CorcanAP3, CorcanPIa, and CorcanPIb at the middle stage of inflorescence development (FD2) of transgenic plants and WT plants. The analysis was performed using qRT-PCR. Error bar indicates the standard deviation (AESD). The role of APETALA3 homolog in Cornusin addition to the increase in physical size. In C. canadensis, the floral buds before opening formed an "x"-shaped box with filaments extruding out through the cracks between petals (Fig. 2E) , while in other species, filaments never extruded out between petals before flower opening (Figs. 2F-2H ). The measurements of petal, stamen, and style lengths indicated that these floral organs developed at uneven rates among species (Figs. 2I-2K ). In C. canadensis the stamens were significantly longer than petals (stamen:petal ¼ 1.32) in floral buds, while in other species, the stamen lengths were clearly shorter than petals (stamen:petal < 1) in floral buds (Fig. 2I ). Petals and stamens were longer than the styles in all species, except in C. sanquinea in which stamens were shorter than the style (Figs. 2J, 2K ). After flowers completely opened, the stamens in C. canadensis and C. officinalis stopped elongation, while in other species, substantial elongation of stamens occurred (Table S4) . After flowers opened, petals stopped elongation in C. controversa and C. macrophylla but further elongation occurred in C. canadensis, C. florida, C. officinalis, and C. sanquinea. Feng et al. (2011) observed early development of inflorescence and floral buds of the same species (Cornus canadensis, C. florida, C. officinalis, C. controversa, C. macrophylla, and C. sanguinea) under SEM and indicated that the initiation of petal primordia was followed by the initiation of stamen primordia with the same order in all six species. However, our morphological analysis in this study revealed that the relative growth rates of floral organs differed among the species (Fig. 2) . Before floral bud open, stamens developed to become much longer than petals and style in C. canadensis, but not so in all other species. This suggested that the more rapid growth of stamens before flower opening could be the major factor leading to the formation of the "x" shaped box. Growth of petal, stamen, and style also differed among species after flower has opened, e.g., filaments continued to grow to some extent in C. florida, C. controversa, C. sanguinea, and C. macrophylla, but not in C. canadensis and C. officinalis, and petals continued to grow to some extent in all species except in C. controversa and C. macrophylla. These differences may involve in divergence in expression pattern of floral organ regulatory genes among Cornus.
Discussion
Uneven growth rates of floral organs
Cornus AP3 homologs and its alternative splicing expression
The B class genes, petal and stamen identities, experienced gene duplication and functional divergence during angiosperm evolution. An early duplication event resulted in the AP3 and PI gene lineages, and a later duplication event in the AP3 family resulted in the euAP3 and paleoAP3 lineages (Theissen et al., 2000; Kim et al., 2004; Causier et al., 2005 The euAP3 lineage has been found in many species, such as AP3 in Arabidopsis thaliana, DEF in A. majus, TAP3 in tomato, and PhAP3 in petunia, while paleoAP3 lineage was only found in some of these species, such as TOMATO MADS BOX GENE6 (TM6) in tomato and PhTM6 in petunia (Rijpkema et al., 2006) . Mutants of TM6 and PhTM6 only caused the homeotic transition of stamens to carpels and had little effect on perianth development, while mutants of TAP3 and PhAP3 results in the conversions of petals to sepals and stamens to carpels, like the mutants of AP3 in Arabidopsis (Kramer et al., 1998; Rijpkema et al., 2006) . In Cornus, a single copy of AP3-like gene was recovered using the degenerate PCR primers from each of the six species. The cloned sequences were confirmed belonging to the euAP3 lineage by phylogenetic analysis (Fig. 3) . However, at least one variant of CorAP3 from alternative splicing were discovered in each species (Fig. S2) . Alternative splicing is usually caused by mistaking acceptor or donor in the genome during transcription (Stellari et al., 2004; Zhang et al., 2009 ) and can result in entire exon skipping (Black, 2003) . In Cornus, four types of splicing were detected from the six studied species, which involved exon skipping, alternative donor site, and alternative acceptor site. Two types (type I and IV) involved entire exon skipping while two types (type II and III) involved partial exon skipping (Fig. S2) . It is noteworthy that the Type II splicing was shared by C. canadensis, C. florida, and C. officinalis from the clade consisting of DW, BB, and CC lineages which produce well-developed involucral bracts, and type IV occurred in C. macrophylla and C. sanguinea from the BW lineage that has rudimentary bracts. Thus, it might be interesting to investigate if the two types are still functional and have potential involvement on bract evolution in the Cornus. The distributional pattern of type II and IV splicing among species also suggested that the origin of these events were both ancient, evolved before the diversification of the bracted lineage and the bract-rudimentary lineage (Fig. S2B) . Type I and Type III were more recent events, evolved in C. officinalis and C. controversa, independently. The different alternative splicing expression implied complication of CorAP3 regulation in Cornus. Alternative splicing allows a single gene to encode more than one protein in Eukaryotes, a mechanism increasing protein biodiversity. This mechanism usually occurs in a tissue-specific manner and/ or under specific cellular conditions (Black, 2003; Pan et al., 2008) . In Arabidopsis, the loss of exon 5 plus a single site mutation in AP3 led to a temperature-sensitive mutant ap3-1, and the expression of the exon 5-missing copy increased at higher temperature (Sablowski & Meyerowitz, 1998) . In Cornus, all isoforms were found in flowers, and the expression levels between the isoforms in wild plants of C. canadensis differed significantly, with the splicing truncated copy CorcanAP3t expressed at a much lower level, 4.3-5.4 times less than CorcanAP3 (Fig. 5) . The high level expression of CorcanAP3 during flower development suggested a potential critical role of the gene in controlling flower development in C. canadensis, while the weak expression of CorcanAP3t suggested possible functional disability or a functional change of the splicing truncated copy. This hypothesis is further supported by evidence from the sequence nature of the truncated copy. In Cornus, each of alternative splicing expression copies CorcanAP3t, CorfloAP3t, and CoroffAP3t lost 79 bp in 5' end of exon 7, leading to not only loss of the encoded amino acids, but also a shift of the coding frame. As a result, these splicing truncated copies had a premature stop codon and complete loss of both PI-derived motif and euAP3 motif (Fig. S2) . The PI-derived motif and euAP3 motif play important role in the AP3-like function in controlling flower development (de Martino et al., 2006; Zhang et al., 2011) . It was reported that a chimeric euAP3 gene containing the paleoAP3 C-terminal sequence partially rescued stamen development but was insufficient to restore petal identity in the ap3-3 mutant of Arabidopsis (Lamb & Irish, 2003) . Taken evidence together (e.g., coding frameshift, premature stop, loss of PI-derived motif and euAP3 motif, and the evidently lower expression), it is likely that these alternative splicing copies reported here have lost the AP3-like function. Alternatively, they might have changed the function, based on the fact that CorcanAP3t still showed expression during flower development although at a relatively low level.
Efficiencies of hp structure in transgenic plants
In RNAi-introduced plants, the ribonuclease III-like enzyme can process the long dsRNAs into 21-26 nt small interfering RNAs (siRNAs). The siRNA is then incorporated into a RNAinduced silencing complex (RISC) to identify and cleave homologous mRNAs (Murchison & Hannon, 2004; Rohr et al., 2004) . In our transgenic plants, CorcanAP3-hp structure harboring most portion of exon 3-7 was introduced into C. canadensis genome. It was expected that the expression of both CorcanAP3 and its splicing truncated copy was interfered. Our qRT-PCR confirmed that the expression of CorcanAP3 was largely reduced while the truncated copy was also relatively reduced. However, both of them were not completely eliminated in the investigated plants (Fig. S1 ). One possibility was that there might be a second copy of CorcanAP3 that is divergent in DNA sequence in the transgenic plants. To investigate this, we designed degenerate primers from start and stop coding region to clone the gene using cDNA of the WT plants. The primer sequences contained degenerate sites covering differences of CorAP3 among the six Cornus species of the four major clades. Eight colonies obtained using these primers were sequenced for each of the two C. canadensis WT plants from different populations. Only the complete CorcanAP3 sequence (with allelic variants in each plant) and the alternative splicing sequences were found. This result suggested that the low level of remaining expression of CorcanAP3 in transgenic plants was unlikely a result of CorcanAP3 duplication. Considering the cDNA analyzed was from a single floral stage, and limited gene colonies were sequenced, we cannot completely exclude that the possibility of more alternative splicing of CorcanAP3 may exist in C. canadensis. According to literature, alternative splicing may vary among tissues, developmental stages, and environmental conditions (Syed et al., 2012) . Furthermore, alternative splicing was frequently reported to have negative effects on wild type proteins (Kelemen et al., 2013) . For instance, a truncated isoform from partial exon deletion inhibited the expression of full-length isoform in Drosophila (Mei et al., 2007) ; splicing isoform with different C-terminus inhibited binding activity of its full-length protein in Mus musculus (Biocca et al., 2008) ; and Heterodimerization of splice variants decreased wild-type activity in human breast carcinomas (Berge et al., 2010) . In this study, the expression of both full-length and truncated isoforms were reduced by hp introduction in transgenic C. canadensis (Fig. S1 ). However, whether the splicing copy has a function and how it may affect the full-length isoform need further study in the future.
The efficiency of gene silencing may also be affected by the type of construct, silencing targets, transgene copy number, and site of integration (Kerschen et al., 2004; Rohr et al., 2004; McGinnis, 2010) . In this project, we used the "forward fragment-gus linker-inverted repeat" construct, which was similar to the IR construct that was used in rice and resulted in successful silence of seven members of OsRac gene family (Miki et al., 2005) . Therefore, the incomplete silence of CorcanAP3 in C. canadensis transgenic plants may be attributed to reasons other than the construct, such as the length of CorcanAP3 target or interactions among the construct, CorcanAP3, and other unknown genes or splicing involved in the regulation.
Down regulation of CorcanAP3 resulted in flower development change
Similar to AP3 and PI in Arabidopsis, members of their homologs from a variety of other species (e.g., A. majus, Petunia x hybrida, Brassica rapa, and Lycopersicon esculentum) were reported to involve in the regulation of petal and stamen development (Zhang et al., 2011; Wellmer et al., 2014; Sablowski, 2015) . Results from our transformation experiments also support the role of AP3 homolog in petal and stamen development in Cornus. In our CorcanAP3hp transgenic plants, development of petals and stamens were delayed and the immature floral buds were pushed open by the elongating style, resulting in opening of immature floral buds, hence the loss of the "x"-like structure critical for explosive pollen release in C. canadensis and changes in the morphology of petal epidermal cells in transgenic plants (Fig. 8) . However, not all the flower buds immaturely open. Some floral buds with "x" structure were observed in the transgenic plants, suggesting the weak silence sometimes failed to change the structure. The mechanisms as how CorcanAP3 interact with other genes in regulating petal and stamen development in the species remain speculative. In Arabidopsis, as reported in well-known ABC model, LEAFY (LFY) activates AP1 which then promotes AP3 and PI to regulate petal and stamen development. But recently more genes have been reported involving AP1 activation and the regulation of floral morphogenesis, such as FY, CBL2, ZFN3, and AT1G77370 (Xie et al., 2015) . The link between CorcanAP3 and small bracts within the inflorescence branches and a secondary inflorescence in place of the central flower of inflorescence or in place of a flower in the inflorescence branch observed in a few transgenic plants also remain unclear. Interestingly, the morphology of extra bracts and secondary inflorescences was similar to the phenotypic changes in TFL1 and CorTFL1 over-expression mutants in Arabidopsis which produced bracts-like organs, more cauline leaves and inflorescence branches (Ohshima et al., 1997; Liu et al., 2016) . In Arabidopsis, AP1 promotes flowering through activating AP3 and PI while AP1 and TFL1 suppress each other (Espinosa-Soto et al., 2004) . In C. canadensis, the levels of the expression of CorTFL1 and CorAP1 were complementary over floral development (Ma et al., 2016) . The increase of CorAP1 expression was always accompanied by the decrease of CorTFL1 expression (Ma et al., 2016) . Since it is known that TFL1 expression suppresses AP1 expression which results in downregulation of AP3 in Arabidopsis (Sablowski, 2015) , the phenotype of extra bracts and inflorescence branches may have some connection with AP3. This may explain the observation of bract-like organs and extra inflorescence branch in some of our C. canadensis CorcanAP3 downregulation transgenic plants and the Arabidopsis CorcanTFL1 and CorfloTFL1 up-regulation plants . Because the expression levels of CorcanPIa and CorcanPIb in transgenic plants showed no significant change, these phenotypic changes may well be attributed to the down regulation of CorcanAP3. Missing CorcanAP3 lead to improper B-class gene function due to failure of the formation of CorcanAP3-CorcanPI heterodimer, resulting in the delay and abnormal development of petals and stamens and the shortage of petals and stamens in mature flowers of the transgenic plants. Overall, these observations support the involvement of CorcanAP3 in regulating petal, stamen, and maybe inflorescence development in the species.
In the strong mutant ap3-3 of Arabidopsis, organ conversion of petals to sepals and stamens to carpels occurred (Jack et al., 1992; Lamb & Irish, 2003; Krizek & Fletcher, 2005) . Among the limited number of floral buds from the transgenic C. canadensis, we observed under SEM a case of organ conversion-like morphology, that is, the fusion of the style with an anther-like organ. In this structure, the anther-like organ developed papillae on top of the anther compartment, which looked similar to those on the stigma. The anther-like organ adnate to the side of the style. This abnormal structure looked similar to the phenotype observed in some ap3 mutant in Arabidopsis (Bowman et al., 1989; Sablowski & Meyerowitz, 1998) . The incomplete organ conversion we observed could be a result of three reasons. First, silencing effect was not strong enough. This was possible given that there was still CorcanAP3 activity observed in most transgenic plants, although largely reduced (Figs. 6B, S2) . Second, complex gene-gene and/or gene-environment interactions involved in the formation of the floral organs in C. canadensis. Typical examples of gene-environment interaction are temperature-sensitive mutant ap3-1 in Arabidopsis and mutant def-101 in Antirrhinum, which made normal flowers at lower temperature but abnormal flowers at higher temperature (Bowman et al., 1989; Schwarz-Sommer et al., 1992; Sablowski & Meyerowitz, 1998) . Third, more alternative splicing may involve the regulation. If a negative alternative splicing was also downregulated, it will positively affect the development of petals and stamens. Taken together, our data indicated that CorcanAP3 may involve in petal and stamen development and function to regulate the coordinated rate of the organ growth, which is critical to the formation of the "x"-like "elbow springs" and explosive pollen release in C. canadensis. Cornus canadensis is one non model plant of small genus Cornus, in which the diverse inflorescence and flower architectures within a similar genetic background provides a good opportunity to study the floral evolution. Like some other genera/families, not all plants have explosive pollen release structure in each family, so our discovery on "x" box formation and the involvement of regulating genes will also help understand the molecular mechanism of explosive pollen release in other families.
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